Deep saline aquifers are being used for disposal of hazardous liquid wastes. A thorough knowledge of the competency of such aquifers and their confining geologic beds in permanently isolating the hazardous substances is the key to successful disposal operations. Characterization of such systems, and in particular the detection of any conduit that may permit hydraulic communication between the host aquifer and nearby freshwater aquifers, must be carried out prior to the initiation of disposal projects. In deep, multi-aquifer systems, leaky faults, abandonder wells, highly conductive fractures, or shear zones may all provide leakage paths. If not initially detected, such conduits may show no apparent effect until contaminants in the freshwater aquifer reach detectable levels at the discharge point. By then, of course, detection is generally too late. This paper is an attempt to address the problem of initial detection of improperly plugged or open abandoned wells. A new analytic solution has been derived to calculate the amount of leakage from an abandoned well and the corresponding drawdown at monitoring wells. A method is proposed that can be used to detect such deep abandoned wells in the area of influence of a proposed deep injection well in a multiple-aquifer system.
disposal projects [Gasset al., 1977] . One case of hazardous waste leakage through abandoned wells is reported [U.S. Environmental Protection Agency, 1986]. However, one must be concerned with the potential of leakage for future deep-well injection projects and also keep in mind that leakage through improperly plugged abandoned wells into the USDW could continue for a long time before it can manifest itself at a discharge point. Therefore prior knowledge of the location of deep abandoned wells and their ability to conduct liquid waste to shallow freshwater aquifers is a necessary step toward the design of a successful deep-well injection project. In this paper, present methods of locating abandoned wells will be briefly reviewed and their shortcomings discussed. A new method will then be introduced which should permit detection of leaky abandoned wells, avoiding the problems encountered in the present methods.
PR•ENT METHODS
Methods presently used for determining the location of abandoned wells are discussed in detail by Aller [1984] . These methods can be divided into four groups.
1. Search for existing records and contact local residents. Most states follow this method for locating wells in the area of review; however, records are missing for many wells drilled before 1930.
2. Interpretation of historical aerial photographs. This could be a useful tool except that the use of photographic coverage was not widely employed in the United States before the 1930s [Avery, 1968] .
3. Geophysical methods. Magnetic, electrical resistivity, and electromagnetic surveys can be used to detect cased wells.
These methods do not work with uncased wells or those equipped with nonmetallic casings. Ground-penetrating radar may be used to find both cased and uncased wells. The major problem with all of these methods is the difficulty in determining whether a well, when located, is properly plugged, or subject to leakage. Aller [1984] . In the first method, water levels are monitored in wells penetrating the freshwater aquifer overlying the injection formation in the vicinity of the abandoned well. Any major leakage from the abandoned wetIs should produce a water level anomaly in the freshwater aqui.
Hydrologic methods. Two hydrologic techniques have been discussed by
fer. However, this method is only feasible if several water wells are already present in the vicinity of an unknown abandoned well. The second method involves injection of fluid into the injection zone. The presence of a leaky abandoned well is indicated if pressure resulting from fluid injection causes fluid to flow up through the abandoned well to the ground surface.
However, if the conduit is not open to the surface or the induced pressure increase is insufficient, there may be no observable leakage to the surface.
PROPOSED NEW METHOD

Theory
Let us assume that aquifer A is a shallow freshwater aquifer and aquifer B is a deep aquifer underlying aquifer A. Aquifer B is assumed to be homogeneous, isotropic, uniform in thickness, and of infinite areal extent. An aquiclude with very low hydraulic conductivity separates these two aquifers (see Figure  2 ). Let us further assume that liquid is injected into aquifer B through well 1 at constant rate Q. Assume also that well 2 is an abandoned well located at distance R from the injection well. Originally open in both aquifers, well 2 has never been properly plugged. If sufficient hydraulic head builds up in aquifer B, some fluid may migrate up through the abandoned well from aquifer B into aquifer A, perhaps even reaching the ground surface. We want to determine the effect of such migration at the injection well itself and at an appropriately located monitoring well (well 3). This leads to a procedure for locating the abandoned well. First we will look at the effect at a monitoring well.
The change of hydraulic head at well 2 due to injection at well 1 is given by [Theis, 1935] Ah2= Q Ei -- 
where sw(t) is drawdown at the abandoned well due to leakage through that well. The expression for sw(t) may be written as
•0 • exp [-%2/4•(t-t')] dr' (4) s•(t) = 4-• Qe(t') (t -t')
Here Qe(t) is the rate of leakage from the abandoned well and rw the effective radius of that well. Substituting for Ah 2' in (2)
.
exp [--r•2/4•(t-t')] dr'--4•rTHx} (5) (t -t')
'If, for the sake of shortening the equations, we assume that the :m/fial heads in both aquifers are the same, and thus, letting Hx vanish, (5) may be written as In dimensionless form, (17) and (18) 
•o • expE--r•,2/4•(t-t')]dt ' f•QI(t) + 4-• Qe(t') (t -t') Q Ei
Procedure for Finding Abandoned Well and Its Leakage Rate
The following is the step-by-step procedure for determining the location of an unplugged or improperly plugged abandoned well that may establish a conduit between a deep injection zone and a more shallow freshwater aquifer.
1. inject water at constant rate Q in the proposed deep disposal well. The rate Q should be equal to or greater than the maximum injection rate planned for that well.
Record the change of hydraulic head in the injection
well with time. 1. Plot the variation of the had from Table 2 or Javandel et al. [1986] , versus tn on log-log paper for the known value of Table 4 . Obviously in this example when permeability of the fill material in the abandoned well is less than a tenth of one darcy, the magnitude of the leakage is very small. As a result, the corresponding drawdown observed at the injection well is too small to give reliable results, since errors in field measurement of hydraulic head can overshadow these small drawdowns.
Having obtained the hydraulic properties (T, S) of the injection zone from conventional pump tests or other sources
Example 2. This hypothetical example is intended to illustrate the detection of a leaky abandoned well in the vicinity of a proposed deep injection well, and the estimation of the distance between the two wells. The leakage rate from the abandoned well is also calculated. Table 5 shows values of the net drawdown (difference between the observed and calculated nonleaky values of buildup) in an injection well, located in a sandstone aquifer having the properties described in example 1. If the injection rate is again 3.79 x 10 -2 m3/s (600 gpm), estimate the distance of the unplugged, or improperly plugged, abandoned well from the injection well, and the time variation of leakage rate in the abandoned well.
The procedure is as follows: 1. Calculate the corresponding dimensionless drawdown h2• , for each value of drawdown given in Table 5 
